The highly structured visible absorption spectrum of the bromine dioxide radical, OBrO, has been observed in the 15 500-26 000 cm Ϫ1 region. The spectrum is dominated by a long progression in the Br-O symmetric stretching motion ( 1 Ј) and a series of short progressions built on the bending mode ( 2 Ј); there are no features associated with the excitation of the antisymmetric stretching mode ( 3 Ј). The spectrum also contains numerous transitions originating from the ͑0,1,0͒ and ͑1,0,0͒ , and a band origin T 0 ϭ15 863 cm
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. Franck-Condon simulations combined with ab initio calculations of the four lowest OBrO doublet electronic states identify the spectrum as arising from the C( 2 A 2 )←X( 2 B 1 ) electronic transition. © 1997 American Institute of Physics.
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I. INTRODUCTION
The role played by halogen oxides in the formation of the polar ozone hole has been intensely investigated over the last decade. Laboratory studies have shown that BrO x compounds participate in analogous catalytic cycles which destroy ozone even more efficiently than the ClO x cycles. 4 Thus state-of-the-art photochemical model calculations suggest that BrO x induced stratospheric ozone losses are comparable to those induced by ClO x chemistry despite the much smaller concentrations of BrO x in the polar stratosphere. 5 With the exception of BrO, very little is known about the chemical and physical properties of the BrO x compounds. The discovery of bromine dioxide, OBrO, in the bromine sensitized photodecomposition of ozone [6] [7] [8] indicates the potential importance of higher bromine oxides in atmospheric chemistry. Therefore, we have undertaken a complete spectral characterization of OBrO as part of our program to understand stratospheric halogen oxide chemistry and its relationship to catalytic ozone depletion. [9] [10] [11] We have recently analyzed the pure rotational spectrum of OBrO and used this information to derive the molecular structure and harmonic force field. 12 In this paper we present a reinvestigation of the OBrO visible absorption spectrum augmented by FranckCondon simulations and high level ab initio calculations. From the experimental and theoretical information now available, we conclude that the visible spectrum is due to the C( 2 A 2 )←X( 2 B 1 ) electronic transition.
II. EXPERIMENT
The apparatus used in these experiments has been described in detail previously. 10 It consists of a 100-cm-long multipass absorption cell coupled to a 0.32-m focal length monochromator/1024-element optical multichannel analyzer. Spectra were acquired with the external White-type mirrors adjusted for eight passes ͑total optical path length of 720 cm͒ and 0.06-nm resolution ͑ϳ60 nm coverage per scan͒. The probe light was supplied by a 150-W xenon arc lamp and data acquisition controlled via a personal computer. Temperature control was accomplished by circulating cooled methanol through a jacket which surrounds the absorption cell.
OBrO was generated by flowing molecular bromine with the products of an O 2 /He discharge through the absorption cell at ϳ250 K. gases flowed, consistent with previous observations, 7, 8 but strong OBrO signals were observed after pumping on the condensate collected on the cell walls. Helium ͑Air Products͒ and oxygen ͑Air Liquide͒ were used as received. Bromine ͑Fisher͒ was degassed prior to use.
Spectra were recorded between 280 nm and 700 nm in 60-nm segments. Individual spectra were calibrated using the absolute wavelengths of the atomic lines ͑in air͒ generated by Ar, Ne, and Hg hollow cathode lamps. The wavelength scale was then obtained from a quadratic fit of the absolute wavelengths to the OMA pixel position. This resulted in rms fitting errors of 0.01 nm or less for the calculated wavelengths of the calibration lines. The reproducibility of individual OBrO vibronic features was found to be Ϯ3 cm Ϫ1 although uncertainties within a single OMA spectrum were less than 1 cm
Ϫ1
. The line positions reported in Table I represent an average of all observations for a given feature.
III. COMPUTATIONAL METHODS
Ab initio molecular orbital calculations for OBrO were performed with the GAUSSIAN 92 program suite. 13 All equilibrium geometries were fully optimized using Schlegel's analytical gradient method 14 at the second-order Mo ր llerPlesset perturbation ͑MP2͒ level of theory 15 with all electrons correlated. The geometries were optimized to better than 0.1 pm for bond distances and 0.1°for bond angles. With a convergence of at least 10 Ϫ9 on the density matrix, the rms force was less than 10 Ϫ4 a.u. for the optimized structures. Dunning's triple zeta double polarized basis set, denoted TZ2P was used for all calculations. The O-atom TZ2P basis sets were composed of Dunning's 5s3p contraction 16 with two d-function polarization orbital exponents. 17 The Br TZ2P basis set contained a 6s5 p2d contraction of the 17s13p6d primitive set given by Schaefer et al. 18 The orbital exponents of the two d polarization functions were ␣ d ϭ0.674 and 0.225. All six components of the Cartesian d functions were included in the basis sets. Exploratory molecular orbital calculations were performed at the MP2/TZ2P level of theory. The geometries and second derivatives obtained from these calculations were then used as the initial inputs for calculations using single and double excitation coupled-cluster theory including a perturbational estimate of the effects of connected triple excitations ͓CCSD͑T͔͒. 19 No corrections for relativistic effects associated with the Br-atom electronic structure were included in the present calculations.
IV. RESULTS
A. Absorption spectrum and vibrational frequency analysis
An overview of the OBrO visible absorption spectrum is shown in Fig. 1 . The spectrum originates below 16 000 cm Table I .
The weaker features in each wing of the Franck-Condon envelope reveal a number of interesting characteristics. sitions terminating in the (n,1,0) vibrational levels are more intense than those which terminate in the (n,0,0) levels; however, an intensity reversal occurs in the neighborhood of nϭ7 and by nϭ8 the ͑8,0,0͒←͑0,0,0͒ transition is more intense than the ͑8,1,0͒←͑0,0,0͒ transition. The intensity shift becomes more pronounced at high n where the (n,0,0)←(0,0,0) transitions dominate and the (n,1,0)←(0,0,0) features have essentially vanished.
Below 18 000 cm Ϫ1 the spectral intensity diminishes rapidly and a characteristic pattern of four transitions is observed for every value of n 1 Ј . Figure 3 shows an expanded view of the extremely weak absorptions recorded near 16 000 cm
Ϫ1
; note that the four feature pattern clearly persists. Based on the lack of a similar four feature pattern near 15 Ϫ1 belong to a hot band progression originating from the first excited symmetric stretching level, X( 2 B 1 )(1,0,0). Therefore, all of the observed transitions may be assigned using only the totally symmetric vibrations of the upper and lower electronic states; there is no indication of any activity in the antisymmetric stretching mode.
A simultaneous least squares fit to all of the line positions listed in Table I Fig. 4 . This marks the first determination of the three X( 2 B 1 ) vibrational frequencies in the gas phase. No attempt was made to correct these values for anharmonicity since only transitions associated with the fundamental vibrations have been observed. In contrast, the vibrational levels of the upper electronic state sampled a wide range of quantum numbers. This enabled us to determine harmonic vibrational frequencies and anharmonicity corrections for 1 Ј and 2 Ј ; the results for the excited state are gathered in Table III .
B. Ab initio results
Submillimeter spectroscopy has confirmed that, like OClO, 20 the OBrO electronic ground state possesses C 2v symmetry and a 2 B 1 electronic configuration. 12 The optimized minimum energy CCSD͑T͒/TZ2P structure for OBrO also possesses a 2 B 1 electronic configuration, consistent with the experimental findings. In this structure, the 51 electrons of OBrO are distributed among 26 molecular orbitals (14a 1 , 3a 2 , 7b 1 , and 2b 2 orbitals͒ with the configuration 2 , 2b 2 , and 14a 1 orbitals into the singly occupied 7b 1 orbital. An analogous set of excited electronic states with the same symmetries and similar energy separations was calculated for OClO. 21 The optimized geometry for each state was checked to verify that it was a true minimum on the OBrO potential energy surface by performing vibrational frequency calculations at the MP2/TZ2P level with analytical second derivatives. 22 The geometries for the three low-lying excited states are given in Table IV 21 The resolution of the spectrometer used in these studies was insufficient to resolve any rotational structure in the vibronic transitions, but extensive rotational structure has been observed in the electronic absorption spectrum of OClO. [23] [24] [25] Inspection of the vibronic features in Fig. 3 shows reddegraded contours reminiscent of those observed for lower resolution spectra of OClO at lower transition energies. 25 The strength of the OBr-O bond is unknown so we cannot calculate the dissociation threshold, but it seems likely that the OBrO visible absorption spectrum will contain rotational structure which has not been rendered competely unresolvable by predissociative broadening. Therefore, in Table V we present the rotational constants for each of the low-lying doublet electronic states calculated from the optimized CCSD͑T͒/TZ2P structures as a guide for future spectral analysis.
V. DISCUSSION
The existence of the OBrO radical in the gas phase had been disputed despite its identification in a magnetically deflected molecular beam, 26 in solution, 27, 28 and in cryogenic matrices ͑IR [29] [30] [31] and ESR 32 ͒. Then in 1994 Rattigan et al. observed a highly structured visible absorption spectrum during the bromine-sensitized photodecomposition of ozone. 6 The striking resemblance of this spectrum to the OClO C( 2 A 2 )←X( 2 B 1 ) absorption spectrum 25 led Rattigan et al. to hypothesize that they had observed the signature of OBrO. We have now conclusively demonstrated that OBrO is the carrier of the 15 500-26 000 cm Ϫ1 spectrum shown in Fig. 1 by recording the visible, submillimeter 12 and infrared ͑Fig. 4͒ spectra of OBrO under identical experimental conditions. The assignments provided in Table I BrO from the infrared spectrum ͑Fig. 4͒ constitute the complete set of fundamental vibrational frequencies for gas phase OBrO X( 2 B 1 ). These values are compared in Table II with the vibrational frequencies from our CCSD͑T͒ calculations, harmonic force field  calculations,   12   and  matrix  isolation  infrared  measurements; 29-31 the overall agreement is excellent. The fact that the ab initio calculations reproduce the experimental frequencies so well indicates that the calculated X( 2 B 1 ) potential energy surface is extremely accurate in the neighborhood of the equilibrium geometry. The excellent agreement among all of the different determinations of the vibrational frequencies further supports the present assignments.
The increased detection sensitivity of our experimental apparatus has enabled us to resolve weak features in the 15 000-16 500 cm Ϫ1 range which Rattigan et al. 6 were unable observe. This new spectral information, including all of the features in Fig. 3, shows that . 33 There is now sufficient information available to determine the identity of the electronic transition which gives rise to the OBrO visible absorption spectrum. Submillimeter spectra of the OBrO rotational spectrum have revealed that the electronic ground state has a 2 B 1 electronic configuration. The CCSD͑T͒ calculations reported in Table IV To achieve a definite assignment we calculated a series of Franck-Condon factor ͑FCF͒ spectral simulations. 34 These simulations required a Br-O bond length increase of ͑11.0Ϯ1.0͒ pm and a bond angle decrease of 10.0°Ϯ0.5°in the excited electronic state to obtain agreement with the experimental intensity distribution. From these structural changes and the known ground state geometry, we estimate the upper state geometry as R Br-O ϭ(175.9Ϯ1.0) pm and OBrO ϭ104.4°Ϯ0.5°. The FCF simulations also demonstrated that the relative intensities of the (n,1,0)←(0,0,0) and (n,0,0)←(0,0,0) progressions could not be reproduced without the inclusion of Duschinsky rotation. This intensity information proved valuable in locating the best simulation geometries. The molecular structure and energy calculated for the C( 2 A 2 ) state are in excellent agreement with our experimental observations, therefore we assign the OBrO visible spectrum to the C( 2 A 2 )←X( 2 B 1 ) electronic transition. Figure 5 shows the optimized FCF simulation in the region of the Franck-Condon maximum. Trace A illustrates that transitions originating only from the X( 2 B 1 )(0,0,0) vibrational level are insufficient to account for all of the observed features. The addition of hot band transitions from the X( 2 B 1 )(0,1,0) level resulted in a total simulation, Trace C, which reproduces the experimental spectrum very well. An inspection of Trace B shows that only transitions from X( 2 B 1 )(0,1,0) to C( 2 A 2 ) levels with an even number of quanta in the 2 Ј mode have significant intensity. This was a particularly satisfying triumph of the FCF simulations since no C( 2 A 2 )(n,1,0)←X( 2 B 1 )(0,1,0) transitions were assigned during the frequency analysis. The complete FCF simulation is shown in Fig. 6 .
The spectra reported here were unable to resolve rotational structure in any of the observed vibronic features; however, it seems likely that some rotational structure will escape predissociative broadening, especially for lower energy transitions. It will be straightforward to confirm the present transition assignments should rotationally resolved spectra become available. Ground state combination differences evaluated from these spectra could be compared against the known rotational constants for X( 2 B 1 )(0,0,0) and ͑0,1,0͒ to verify the hot band assignments. An examination of the rotational constants given in Table V shows that it will also prove straightforward to confirm the identity of the upper electronic state from its rotational constants since the A and (BϩC)/2 values for C( 2 A 2 ) are very different from those of the nearly isoenergetic B( 2 A 1 ) state. We have been unable to generate sufficient number densities of OBrO to perform an NO titration and obtain absolute absorption cross sections; however, we estimate that the cross sections of the intense features near 20 000 cm Ϫ1 are on the order of (1.5Ϯ1.0)ϫ10 Ϫ17 cm 2 molecule
Ϫ1
. This would be consistent with the magnitude of the OClO cross sections and implies that the spectra in Figs. 1 and 4 were recorded with number densities on the order of 1 ϫ10 13 molecules cm
Ϫ3
. Given the manner in which all other molecular properties of OBrO have been accurately predicted based on the properties of OClO, it seems very unlikely that the actual OBrO absorption cross sections deviate from this estimate.
The role of the OBrO radical in atmospheric ozone depletion will be determined by its source chemistry, which is poorly defined at this time. The BrOϩClO reaction has been identified as the principal source of OClO in the polar stratosphere, 35 ͑ϳ220 K͒. Rawley et al. 8 have shown that source reaction BrOϩO 3 has a large activation energy and will also be negligible at stratospheric temperatures. Both recent investigations of the BrOϩBrO reaction 7, 8 have demonstrated that OBrO is formed in the Br 2 /O 3 /h system, but that it is not a primary reaction product. The peculiar source chemistry employed in the present experiments strongly suggest that an efficient heterogeneuos mechanism exists which converts BrO into an adsorbed compound, probably a higher bromine oxide, which then thermally decomposes to yield gas phase OBrO. Therefore, we hypothesize that if OBrO is present at chemically significant levels in the atmosphere, then its source chemistry is probably heterogeneous.
An estimate of ͐J()d suggests that the atmospheric lifetime of OBrO is on the order of seconds during daylight hours and that OBrO will exist in a photochemical steady state. If formed at night by a heterogeneous mechanism, then its principal impact will be as a temporary BrO reservoir. A more quantitative assessment of its atmospheric importance awaits in situ detection and a better identification of the source chemistry.
VI. CONCLUSIONS
An experimental and theoretical analysis of the OBrO C( 2 A 2 )←X( 2 B 1 ) absorption spectrum has been presented. A complete set of X( 2 B 1 ) vibrational frequencies have been determined for the gas phase molecule as have values for T 0 (C( 2 A 2 )), 1 Ј , 2 Ј and their anharmonic corrections. A Franck-Condon analysis of the spectrum combined with the structural information available from submillimeter spectroscopy allowed us to obtain a structure for the upper electronic state which was in good agreement with the C( 2 A 2 ) structure calculated at the CCSD͑T͒/TZ2P level of theory. The information accumulated on OBrO to date suggests that its properties may be well estimated from the appropriate periodic adjustments to the properties of OClO.
Note added in proof. Since the completion of this work, Pacios and Gomez have reported UMP2 and CCSD͑T͒ calculations on OBrO X( 2 B 1 ) using the AREF/TZ(2d f ) basis set. 37 Their CCSD͑T͒ geometry ͕R Br-O ϭ165.0 pm, OBrO ϭ114.9°͖ is in good agreement with experiment and the CCSD͑T͒/TZ2P geometry reported in Table III 
